a b s t r a c t FV520B steel is a kind of precipitation hardening Martensitic stainless steel, it has high-strength, good plasticity and good corrosion resistance. Stress corrosion cracking (SCC) is one of the main corrosion failure mode for FV520B in industrial transportation of natural gas operation. For a better understanding the effect on SCC of FV520B, the improved wedge opening loading (WOL) specimens and constant displacement loading methods were employed in experimental research in carbon dioxide and hydrogen sulfide solution. The test results showed that the crack propagation rate is 1.941 Â 10 À7 -5.748 Â 10 À7 mm/s, the stress intensity factor K ISCC is not more than 36.83 MPa ffiffiffiffi ffi m p . The rate increases with the increasing of the crack opening displacement. Under the condition of different initial loading, K ISCC generally shows a decreasing tendency with the increase in H 2 S concentration, and the crack propagation rate showed an increasing trend substantially. For the enrichment of sulfur ion in the crack tip induced the generation of pitting corrosion, promoting the surrounding metal formed the corrosion micro batteries, the pit defects gradually extended and connected with the adjacent pit to form a small crack, leading to further propagation till cracking happened. Fracture microscopic morphology displayed typical brittle fracture phenomena, accompanying with trans-granular cracking, river shape and sector, many second cracks on the fracture surface. 
Introduction
H 2 S corrosion is common in the process of natural gas exploitation and transportation, the corrosion of pipelines and compressor blades are most likely to happen [1, 2] . Especially with the development of the oil-gas fields with high sulfur, the stress corrosion cracking of stainless steel in the H 2 S media system has occurred, because it is not easy to find and lead to the occurrence of major accidents, the stress corrosion cracking of stainless steel in acidic hydrogen sulfide environment has attracted people's attention [3] . FV520B steel is an important material for manufacturing the impeller of centrifugal compressor, which has a strong susceptibility to stress corrosion cracking in H 2 S medium [4] . The compressor impeller blade inevitably contains surface or internal defect such as roughness, inclusion and micro-cracks, so, there is a potential risk of crack propagation in the H 2 S environment [5] . Therefore, it is significant to study the trend of crack propagation of FV520B steel in the transport of crude oil and natural gas in the H 2 S medium.
Many investigations on the corrosion of FV520B have been done so far. Zhang Min [6] researched the failure analysis of a welded impeller in coke oven gas environment. The result showed that fracture initiated at the welded joints and the main failure mechanism was sulfide stress corrosion cracking (SSC), and the welded joints experienced lower fracture toughness and higher susceptibility to SSC cracking. Nie Defu [7] found that the matrix of FV520B precipitated hardening stainless steel used in the failed impeller did not match the optimal combination of strength, toughness and corrosion resistance, and large volumes of delta ferrite with banded appearance further increased the environmental susceptibility of material; the electrochemical corrosion environment came into being due to the presence of hydrogen sulfide and condensed water vapor in the recycle medium. Chu Qiaoling [8] reported that efforts were made to analyze the failure impeller made of FV520B Martensitic precipitated hardening stainless steel with experiment and Finite Element Method computation, and suggested remedial measurement to improve performance of this type impeller under H 2 S corrosive environment. Wu Qiaoguo [9] found that true stress-strain relations, fracture mechanism and fracture toughness of the impeller material FV520B steel was investigated over a wide range of loading rates by experimental and theoretical methods. Fracture assessment with consideration to rate effects was then conducted based on the CEGB R6 procedure.
The failure studies focused on the fatigue performance and life prediction of FV520B. Zhang Ming [10] researched that FV520B-I smooth welding seams had obvious characteristics of very high cycle fatigue, and cracks mainly initiated from the subsurface when the fatigue life was higher than 10 7 cycles. As the surface roughness increased to Ra approximate to 0.6, the S-N curve moved downward and cracks usually initiated from the surface. The GBF formation mechanism of ''dispersive de-cohesion of spherical carbide" was supported, and the possible crack growth in the GBF was analyzed according to the ''effective short fatigue crack criterion". Wang Jinlong [11] showed that the competition analysis was carried out on the basics of fatigue strength to obtain the critical defect value and established the competitive Giga-fatigue model for FV520B-I, the actual fatigue life was calculated by substituting the actual defect value into the corresponding fatigue life model. He reported that Giga-cycle fatigue experiment was conducted to obtain fatigue data and the mechanism of fracture development for FV520B-I. With a comprehensive use of energy theory, fracture developing mechanics and the impact of stress ratio, a life prediction model for FV520B-I with the synthesis of surface roughness information was established [12] . Up to now, most previous investigations on SCC of FV520B primarily focused on the corrosion mechanism of base metal and influences of temperature and corrosive media. Under the conditions of prefabricated crack, the related research on the corrosion of FV520B has not been reported. In this paper, we adopted a reactor to simulate the working environment of the air compressor blade and studied the crack propagation of WOL prefabricated crack sample. Finally, we got the crack propagation rate and stress corrosion critical stress intensity factor, which can be used for damage tolerance design, evaluation of materials and life estimation.
Experimental methods

Materials
FV520B is a kind of precipitation hardening Martensitic stainless steel, which is on the basis of type Cr13 to adding Mo, Ti, Nb, Cu and other strengthening elements, then in 400-650°C aging precipitation hardening phase and strengthening of stainless steel. It not only has high-strength, good plasticity and toughness, but also has good corrosion resistance. Its chemical composition and mechanical properties are shown in Tables 1 and 2 , respectively.
Experimental conditions
The test environmental parameters include the concentration of corrosive medium, operational temperature and pressure which are based on the actual transportation environment variables of centrifugal compressor. The concentration of H 2 S and temperature had significant influence on the stress corrosion sensitivity of FV520B, while the concentration of CO 2 for it has a certain role in promoting and the pressure has a minimal influence on it. The uniform design method is adopted in this experiment, the environment pressure is 8 MPa and pH value of the solution is kept between 2.8 and 3. The experimental condition initiating the natural gas pumping environment is shown in Table 3 . The test apparatus is slow strain rate test system (SERT-5000-D9H, Toshin Co. Ltd.), consisting of a stress corrosion loading system, a high temperature autoclave system, a crack detection system, a computer-control system and a gas compressor.
Prefabricated wedge opening loading specimens
With a molybdenum wire cutting wedge opening loading prefabricated crack specimen gap, notch tip is a circular arc. After the machining was completed, the sample was cleaned with gasoline and other solvents, its surface and the wire cut grooves were cleaned, then put it into the dryer. In order to reflect the state of crack existing in the structure, prefabricated crack was carried out on the sample. According to the national standard GB 2038-1991 [13] , the maximum fatigue load value P max should not exceed 50% of the limit load value P L that was calculated with the crack length a.
Referring limit load formula of compact tensile specimens,
where B is specimen thickness, W is specimen width, r y is effective yield strength, a is the initial crack length, and b is the initial size of the ligament. According to the GB 12445. 3-1990 [14] , the sizes of specimen are as follows, B ¼ 11 mm; W ¼ 28 mm; r y ¼ 500 MPa; a ¼ 10:5 mm; b ¼ 17:5 mm; P L ¼ 63; 844 N; P max ¼ 31:9 KN:
Prefabricated crack was completed on the fatigue test machine, the final pre-crack force is 6.6-8.8 kN, the maximum pre-crack force is 10.3-13.9 kN, stress ratio is 0.1, test frequency is 10 Hz, the load waveform is sine wave, and the length of prefabricated fatigue crack is 2.0-2.5 mm, and the actual pre-crack length of the specimen is read by the 80 Â reading microscope.
After the completion of the prefabricated crack, the specimen structure and size parameters are shown in Fig. 1 and Table 3 , respectively.
Note: there are three sizes measured under every test condition, according with the following Tables 4 and 5 .
Stress corrosion test
Firstly, the crack opening displacement V is calculated. In order to shorten the test time, the experiment was carried out with 3 parallel samples in each group. In this experiment, 40%, 50% and 80% of FV520B fracture toughness 95.79 MPa ffiffiffiffi ffi m p were taken as preloading, respectively. The initial stress intensity factor K I of each specimen was taken as 38. bolt, and the load is controlled by a notch crack opening displacement V.
The crack opening displacement of the sample is calculated according to the formula,
where E is elastic modulus of material. 
The value of Yð a W Þ can refer to Table 4 of WOL prefabricated crack stress intensity factor K I specimen calibration coefficient values. Here, a should be substituted by the initial crack length listed in Table 3 . The experimental steps are as follows, (1) Before the specimen is loaded, the threads of the sample, loading screws and pads coated with a thin layer of Vaseline. (2) Stepping up the specimen in a vise, with a wrench uniform load to the dial gauge pointer reaches the desirable positive opening displacement V. (3) Surface crack length is measured and recorded with a reading microscope. After loading, the opening displacement of each specimen and the predetermined value as shown in Table 4 , the a Lc is the crack length of post-tension. (4) With a needle inject test solution to eliminate the air in the pre-cracked specimens, and as soon as possible put the specimens into the container filled with prepared test solution.
In the test container, the notch is upwards placed, the liquid level exceeds the fatigue crack under loading screw to prevent the screw from corrosion, and the container is sealed. (5) The solution is changed every week, timing starts when specimen in contact with the medium. The measurement period of test is 168 h. GB/T 15970.6-1998 [15] pointed out that stress corrosion cracking can be expanded at the speed of less than 10 À9 mm/s, which is in line with the actual engineering situation. After a month's time, the crack propagation rate is basically maintained at 10 À7 mm/s, at this time, the corrosion crack is still in the process of expansion. Due to the limitation of test time and cost, the test was terminated. (6) The sample was pulled off machinery and removed off the corrosion products. The crack lengths of a 1 , a 2 and a 3 at the three locations of 25%B, 50%B and 75%B were measured, as shown in Fig. 2 , then averaged to get a.
Results and discussion
Test results
We obtained the results by calculating the experimental measurements, as shown in Table 5, where,
À Á can be computed by Eq. (2) with a instead of a. (2) The three largest crack propagation rates belong to the largest opening displacement of specimens. Under the same test condition, the crack propagation rate increases with the increase in the actual post loading opening displacement. (3) Under the same level of initial stress intensity factor, with the increase in H 2 S concentration, the general trend of K ISCC is gradually reduced, and the resistance to stress corrosion becomes worse.
The variation law of K ISCC with the environment From Fig. 3 , we can see that when K I is 38.32 MPa ffiffiffiffi ffi m p , K ISCC generally shows a decreasing tendency with the increase in H 2 S concentration, while, in the environment 2 (H 2 S concentration 80%, temperature 50°C) listed in Table 3 , it has a upward trend. This is because in the environment of low temperature, the solubility in medium of H 2 S and CO 2 is very low. The density film of the corrosion product can be generated in this environment, which can effectively inhibit the invasion of corrosive ions and reduce the rate of corrosive reaction, so the K ISCC will increase. When the value of K I is 47.90 MPa ffiffiffiffi ffi m p , K ISCC presents downtrend on the whole, the minimum value of K ISCC appears in the environment 5 (H 2 S concentration 20%, temperature 132°C). This is because the environment temperature is 132°C, pressure is 8 MPa, the critical temperature and pressure of H 2 S are 100.45°C and 9 MPa respectively. At this time, H 2 S is in the supercritical fluid state, which has the characteristic of gas diffusion and movement easily. The mass transfer rate is much larger than liquid, which accelerates the reaction rate of stress corrosion, so the minimum value of K ISCC appears at this point. When the value of K I is 76.64 MPa ffiffiffiffi ffi m p , K ISCC overall also shows a downward trend, there is a slight decrease in the environment 5.
From Fig. 4 , it can be seen that the effect of temperature on the critical stress intensity factor K ISCC is more complicated. When the value of K I is 38.32 MPa ffiffiffiffi ffi m p , with the increase in ambient temperature, the K ISCC basic rendering decreases first and then shows a rising trend. The maximum value of K ISCC occurs at a temperature of 82°C, this is because the medium does not contain H 2 S and only CO 2 at this time, the reaction rate of stress corrosion is relatively small. When K I is 47.90 MPa ffiffiffiffi ffi m p , K ISCC showed a downward trend on the global view. When the temperature is 132°C, K ISCC is the lowest, because the H 2 S is in the supercritical fluid state at this time, which is conducive to the stress corrosion. When the value of K I is 76.64 MPa ffiffiffiffi ffi m p , the values of K ISCC increases first and then decreases. When the temperature is 98°C, K ISCC reached the minimum value. The reason is that the medium is saturated H 2 S and without CO 2 , the corrosion is very serious, so that the K ISCC decreases. When the temperature is low, the solubility of H 2 S and CO 2 in the medium is higher. At this time, the generated corrosion product film is unstable and easy to fall off, which can form micro battery at cracks to speed up the corrosion rate of the material. The solubility of H 2 S and CO 2 in the medium will further decrease with the increase in temperature, which causes change of the formation mechanism of the corrosion product film. The film structure becomes more compact, so as to effectively inhibit the invasion of corrosive ions and reduce the rate of corrosion reaction. As temperature was increased successively, the solubility of H 2 S and CO 2 was decreased, the rate of H þ diffusion into the material was also accelerated, which results in the rate of corrosion reaction showing a rising trend.
The variation law of crack propagation rate with the environment From Fig. 5 , we can see that under the condition of three different initial loading stress intensity factors, the crack propagation rate is gradually increasing with the increase in K I , there is an approximate linear relationship between them. With the increase in H 2 S concentration, the crack propagation rate showed an increasing trend substantially. In the environment 5, H 2 S is in a state of supercritical fluid and has the characteristic of gas diffusion and movement easily, which leads to the increase in the crack propagation rate, the phenomenon of crack propagation is very significant. In the test condition 2, the crack propagation rate has a trend of falling. This is because the ambient temperature is very low at this time, the solubility in medium of H 2 S and CO 2 is at a relatively low level. It is easy to generate a compact corrosion product film, which can effectively reduce the rate of corrosion reaction and make the rate of crack propagation fall. The fluctuation amplitude of the crack propagation rate increases with the increase in the initial loading stress intensity factors. Because the crack propagation rate is low, the stress corrosion of the specimen can develop fully, and the initial loading stress has little effect on the crack propagation rate. The effect of mechanical stretch acting on crack propagation rate with the increase in the initial loading stress intensity factor increased gradually.
From Fig. 6 , we can see that when the temperature is lower than 82°C, under the condition of three kinds of initial loading stress intensity factor, with the increase of temperature, the solubility of H 2 S and CO 2 in the medium decreased gradually, which resulted in the formation of the corrosion product film become more and more compact, which effectively prevented further corrosive reaction and reduced the crack propagation rate. The propagation rate has a linear relationship with the initial loading stress intensity factor. When the temperature is higher than 82°C, if the value of K I is 38.32 MPa ffiffiffiffi ffi m p , the crack propagation rate increases first and then decreases with the increase in temperature. If the value of K I is 47.90 MPa ffiffiffiffi ffi m p or 76.64 MPa ffiffiffiffi ffi m p , the crack propagation rate increases with the increase of temperature.
Micro and macro morphology analysis
Ultrasonic cleaning of the specimens for five minutes then dried. We can analyze micro and macro morphology of the specimens by applying scanning electron microscope and energy spectrum.
From the Fig. 7 , we can see that the fracture section of specimen can be obviously divided into four parts: transient breaking area (c), stress corrosion crack propagation area (d), prefabricated fatigue crack area (e) and mechanical processing area (f). Transient breaking area is typical of the dimple morphology, there are a lot of dimples, the size of them are relatively large and the depth is deep. Stress corrosion crack propagation area is relatively smooth, and the surface is covered with many corrosion products and small cracks. Prefabricated fatigue crack area is relatively flat, the surface is covered with corrosion products, and the morphology of the corrosion product is in the shape of mud crack. Mechanical processing area is a flat zone, the machined surface is covered with a layer of black ash corrosion products. Due to the influence of surface smoothness, the machined surface appeared with a large number of pitting corrosion. The arc shear lip can be obviously observed at the boundary of brittle fracture and ductile fracture.
From the Fig. 8 , it is easy to see a large number of pitting corrosion and crack distribution in the vicinity of the crack tip, preliminary judgment for the enrichment of sulfur ion in the crack tip induced the generation of pitting corrosion. Due to the presence of corrosion products, small pitting corrosion and the surrounding metal formed the corrosion micro batteries, under the combined action of corrosive environment and stress, the pitting corrosion is gradually extended around and connected with the adjacent pit to form a small crack, which leads to the further expansion of the crack. The macroscopic fracture surface tends to be smooth and presents a typical shape of the steps, the cleavage characteristic is very obvious. Fracture microscopic morphology is the transgranular cracking, which has the fracture morphology of river shape and sector. The fracture is a typical brittle fracture and there are secondary cracks on the surface. At the same time, we found that there are many corrosion defects in the fracture surface, the preliminary judgement may be caused by defects such as inclusion or porosity existing in the material. The corrosion solution flows into the defect along with the crack propagating, and then it caused the formation of corrosion pits and large corrosion products in there, which can produce local stress concentration and promote the crack propagation.
The corrosion products on the fracture surface were analyzed by energy spectrum (EDS), from Fig. 9 , we found that the elements of the corrosion products are mainly Fe, O and C, and also contain a small amount of S and Cl. In particular, the sulfur and oxygen play an important role in the SCC of FV520B stainless steel in carbon dioxide and hydrogen sulfide solution. The sulfur damages passivating film, causing pitting corrosion, concentrating in the cracks and accelerated SSC ultimately. From the perspective of experimental environment, it is concluded that the iron element of the (2) Under the condition of different initial loading stress intensity factor, the K ISCC generally showed a decreasing tendency with the increase in H 2 S concentration. With the increase in temperature, under the condition of low initial loading stress intensity factor, K ISCC first decreased and then increased, under the condition of high initial loading stress intensity factor, K ISCC basically showed a decreasing tendency. (3) With the increase in H 2 S concentration, the crack propagation rate showed an increasing trend substantially. When the temperature is lower than 82°C, the crack propagation rate decreased with the increase in temperature. When the temperature is higher than 82°C, if K I is 38.32 MPa ffiffiffiffi ffi m p , the crack propagation rate increased first and then decreased with the increase in temperature. If K I is 47.90 MPa ffiffiffiffi ffi m p or 76.64 MPa ffiffiffiffi ffi m p , the crack propagation rate increased with the increase in temperature. (4) Preliminary judgment for the enrichment of sulfur ion in the crack tip induced the generation of pitting corrosion, small pitting corrosion and the surrounding metal formed the corrosion micro batteries, the pitting corrosion are gradually extended around and connected with the adjacent pit to form a larger crack, which leads to the further expansion of the crack. Fracture microscopic morphology is the transgranular cracking, which has the fracture morphology of river shape and sector. The fracture is a typical brittle fracture and there are secondary cracks on the surface. (5) The sulfur and oxygen play an important role in the SCC of FV520B stainless steel in Carbon Dioxide and Hydrogen Sulfide solution. The sulfur damages passivating film, causing pitting corrosion, concentrating in the cracks and accelerating SSC ultimately.
